The interaction of vaccinia virus with embryonic chick skin was studied in vitro using an organ culture technique. Skin explants were taken from chick embryos between 5½ to 6 days' and I7 to I8 days' incubation. Susceptibility of the epidermis of both the skin and the feather germ to vaccinia virus at these different stages remained unchanged; a generalized pattern of infection was observed with epidermal hyperplasia followed by necrosis. An exception to this behaviour pattern was seen in cultures from the 8½-to 9-day embryo where a 'honeycomb' type of infection occurred; the epidermis in the apical zone of the feather germ presented a characteristic appearance with neither hyperplastic reaction nor normal thickening. The dermis showed pronounced susceptibility to vaccinial infection in explants from 5½-to 6-day embryos, but became progressively and rapidly resistant at embryo ages between 7½ and IO days. Dermal sensitivity was again marked in explants from I I-to 18-day embryos. The mesenchymal cells forming the mesodermal core of the feather germs were resistant to the pathogenic effect of the vaccinia virus in 6½-to I I-day explants; feather germ development was nevertheless modified. The dermal papilla, however, was grossly sensitive to viral infection from the time of its initial differentiation at 12 to 13 days' incubation. The susceptibility of the cellular components of the skin to the viral infection appeared to be influenced by the inductive processes responsible for the differentiation of the normal skin. The pathogenic effect of vaccinia virus varied according to the stage of development of the embryonic skin.
INTRODUCTION
In the course of embryogenesis, tissues may vary in their susceptibility to a given virus (Sigel, I95Z; Ebert & Wilt, I96O; T6ndury, 1962) . The fundamental factors responsible for such changes are ill-defined. Studies by Dawe (I96O) and by Saxen, Vainio & Toivonen 0963) on the effect of polyoma and vesicular stomatitis viruses on mouse metanephric rudiments in vitro demonstrated differences on the susceptibility of the tissue depending on its stage of differentiation. These observations suggest that inductive processes may alter the susceptibility of a given tissue to a given virus and modify the pathological effects produced. The object of the present work, using the in vitro organ culture technique, was to study to what extent vaccinia infection is subject to the mechanisms of cellular differentiation and morphogenesis in the chick embryo skin and to examine the influence of vaccinia virus on the developing skin. 
METHODS
Organ cultures. Skin, from the dorsal surface of White Leghorn chick embryos, was taken at different stages of development (Table I) . Skin explants were excised from either side of the mid-dorsal line of each embryo, one of the fragments of the set serving as a control to the contralateral test partner. Down feathers of 17-to IS-day embryos were plucked before explantation operations. The skin explants were maintained in vitro for 4 days at 37 ° by the Wolff & Haffen (t 952) organ culture method. The medium contained six parts of I ~ agar in Gey's solution, four parts of 9-day chickembryo extract, and three parts of Tyrode's solution. Details of the methods employed have been described by Hodges (i964, I967) .
Virus. Vaccinia virus (Lister Institute strain), obtained through the courtesy of Dr C. Kaplan, was prepared for use as previously described (Hodges, I964, I966) . The titre of the stock virus was lO 6' 6 pock-forming units (pk.f.u.)/ml. as determined by the method of pock counts on the chorioallantoic membrane of the chick embryo.
Inoculation of organ cultures. One drop (about o'oo5 ml.) of virus suspension was placed on each fragment of skin in the test series. The contralateral explants in the control group received one drop of diluent (Ca-and Mg-free phosphate-buffered saline; Dulbecco & Vogt, 1954) . After 16 to 21 hr incubation at 37 ° the excess fluid was removed using sterile strips of filter paper.
Histology. At the end of the culture period the skin explants were fixed in Helly's solution, embedded in paraffin, serially sectioned at a thickness of 5/z and stained with Ehrlich's haematoxylin and eosin.
RESULTS

Normal skin in vivo
The development of the normal skin has been described in detail previously (Bartels, 1943; Sengel, 1958; Rawles, 196o; Romanoff, 196o; Hodges, 1967) . Between 5½ and 8½ days' incubation three stages of development were distinguished by Sengel (I958), based essentially upon the differentiation pattern of the feather germs. The dorsal skin, at 5{ to 6½ days (designated stage o by Sengel), presents a uniform surface with no signs of feather-germ formation. Later, at 6½ to 7 days (stage I), subepithelial condensations of mesenchymal cells appear in the dermis and constitute the mesodermal element of the feather primordia. These mesenchymal condensations arise in a definite sequence and are first observed along the dorsal median line of the embryo. Subsequent tracts form on either side of this central line. At 71 to 8¼ days (stage 2), an increasing number of feather-germ tracts form outwards from the initial dorsal median line towards the dorsal lateral sides of the embryo. The more advanced feather germs are found in the caudal region and along the dorsal median line appearing as dome-like elevations projecting from the surface of the skin. The feather-germ tract development is well established by 8½ to 9 days with the more developed feather germs taking the form of cylindrical papillae. Histologically, they are composed of an epithelial sheath, thickened at the apex (4 to 5 cell layers), surrounding a mesodermal core. The regions between the feather-gelan tracts, at the various stages considered above, are constituted by a two-Iayered epidermis (a basal layer of columnar cells and an outer layer of flattened horizontally aligned cells, the periderm) and by a superficial dermis formed of numerous fusiform cells and a deeper hypodermis of loosely connected stellate cells.
Comparative study of normal and inoculated skin explants in vitro 5½-to 6-day skin. There was no evidence of feather-germ formation in the control cultures which histologically showed a two-layered epidermis and a loose dermal system. Complete necrosis of both the epithelial and mesenchymal elements of the skin was observed in the virus-inoculated cultures.
6½-to 7-day skin. Macroscopically, a restricted development of the feather germs was seen in the inoculated explants as compared to the control series (P1. I, fig. I , 2). It should be emphasized here that, in explants from this stage of development, the mesenchymal condensations disappear completely after 24 hr in culture (first described by Sengel, 1958) . New mesenchymal condensations reappear from the 36th hr onwards, with the first primary tract now occurring along the centre line of the explant and not along the dorsal median line of the explant, which is the most differentiated region at the time of explantation. This spatial reorganization of the mesenchymal condensations also occurred in the virus-inoculated explants indicating that such reorganization was unaffected by the progress of the viral infection. Histologically, the inoculated cultures showed epidermal hyperplasia. The dermis from early stage explants had a loose structure and numerous pycnotic cells (P1. I, fig. 3 ) whilst from later stage explants, the dermis was relatively normal in appearance (P1. I, fig. 4 , 5) The mesodermal condensations of the feather primordia apparently remained unaffected. 7½-to 9-day skin. The control explants from 7½-to 84X-day embryos did not show a spatial reorganization of the feather primordia in culture as observed at the preceding stage. Feather-germ differentiation was most advanced at the caudal region and along the dorsal median edge of these explants (P1. I, fig. 6 ). The inoculated cultures showed well-defined lesions of different sizes depending on the confluence of one or more lesions (P1. I, fig. 7 ). A generalized pattern of infection was seen with a grossly affected epidermis. The development of the feather germs was retarded; even in the severely affected regions the underlying mesodermal condensations still persisted (P1. i, fig. 8 .) The virus-inoculated explants from 8½-to 9-day embryos were characterized by a striking 'honeycomb' pattern of infection with an apparent limitation of epidermal hyperplasia to the regions surrounding the feather germs. When the explants were taken from the early part of this stage (as seen in P1. I, fig. 9 ), the 'honeycomb' pattern of infection was observed in the caudal region--the most differentiated part of the explant. But towards the cephalic region--the less differentiated area which may be considered to correspond to the 7½-to 8k-day explant--a more generalized pattern of infection was seen. It appeared, therefore, that at a certain stage in the development of the skin, specific regions of the epidermis responded quite differently to the viral infection. This difference in behaviour seemed, however, to be of only a brief and transitory nature.
The control 7½-to 8k-day explants, after culture in vitro, were constituted, in the inter-plumar regions, of a two-layered epidermis and a relatively loose-structured dermis. The feather germs showed an epidermal sheath thickened at the apex surrounding a condensed mesodermal core (P1. 2, fig. IO ). There was a hyperptastic reaction involving all epidermal surfaces in the inoculated cultures (P1. 2, fig. I I) . The dermis was more condensed as compared to the control cultures, whilst the mesodermal condensations apparently remained unaffected. Histologically, the inoculated 8½-to 9-day cultures showed a similar dermal and mesodermal core appearance but the reaction of the epidermis was modified. Epidermal hyperplasia was limited in this case to the inter-plumar regions and to the lateral sides of the feather germs (P1. 2, fig. I2 ). The epidermis in the apical zone of the feather germs showed no hyperplastic reaction to the viral infection nor did it show the normal thickehings as in the control explants. Instead, it was characterized as a two-layered structure.
Skin cultures taken from middle or late 9-day embryos developed a generalized infection with all the epidermal surfaces becoming involved and showing hyperplasia followed by necrosis (P1. 3, fig-I3 to I6). The dermis was relatively dense compared to the uninoculated cultures, but the mesodermal core of the feather germ again remained apparently unaffected.
Io-to II-and zz-to z2-day skin. After inoculation and culture in vitro the skin explants showed an epidermal reaction comparable to that observed at the previous stage. The dermis was dense and pycnotic cells, more numerous in the older cultures, were present. The mesodermal axis of the feather germs was modified at these stages and did not differentiate in the apical region into a loose cellular system as it did in the control cultures (P1. 4, fig. 17, 18) .
ze-to I3-, 13-to z 4-and z 7-to 18-day skin. The virus-inoculated explants presented epidermal and dermal reactions similar to those described above. Hyperplasia and necrosis of the epidermal surfaces were observed. There was a loss of structure of the dermis with necrotic zones appearing in the basal region of the down feathers and in the dermal papillae of the I7-to I8-day skin cultures (P1. 4, fig. I9, 20) .
DISCUSSION
Three main points emerge from the observations presented above. First, the susceptibility of the epidermis of both skin and feather germ to the vaccinia virus remained unchanged at the different stages with an initial hyperplastic reaction followed by necrosis of the epithelial cells. There was, however, a brief transitory period seen in the 8½-to 9-day embryo, where the epidermis in the apical zone of the feather germ showed a different behaviour pattern and where neither hyperplasia nor normal thickening of the apex occurred. There appeared to be a check on all epidermal growth 
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491 activity. Secondly, the dermal fibroblasts showed a pronounced sensitivity to the viral infection in the explants taken from 5½-to 6-day embryos. Subsequently, in 7½-to It-day cultures, there was a rapidly increasing resistance of the dermis to the virus. Dermal reaction, in I I-to 18-day explants then became progressively more accentuated with pycnotic cells and loss of structure. Thirdly, the mesodermal condensations of the developing feather germ were completely resistant to the pathogenic effect of the virus between 61 and I I days' incubation. The resistance of this group of cells was maintained until the differentiation of the dermal papilla which begins at lZ to 13 days' incubation. The cells of the dermal papillae showed a pronounced susceptibility to the viral infection.
The differences in the sensitivity of the epithelial and mesenchymal components of the skin to the vaccinia virus infection were closely related to the stage of development of the tissue. The changes in the pattern of response seemed to be associated with the differentiation process of the normal skin and the activity of the vaccinia virus appeared to be responsible for the modification in the morphogenesis of the skin. Sengel (I 958), in a series of organ culture studies, demonstrated that the differentiation of the normal chick embryo skin and of the feather germs is the result of morphogenetic interactions between dermis and epidermis. Thus, in the 6}-to 7-day explants the mesenchymal condensations acted on the epidermis which, as a result, formed the conical epithelial outgrowths. At 7} to 81 days, the epidermal outgrowths acted on the mesenchymal cells, inducing these to continue their differentiation and colonize the epidermal sheath. Rawles (1963) and Wessels (1965) have since suggested that the inductive capacity of the mesenchymal cells is of longer duration than that originally indicated by Sengel.
In the present study on the inoculated 6½-to 7-day cultures, histologically normal mesodermal condensations were seen whose inductive power did not appear to be modified by the viral infection. The evidence for this is suggested by the fact that after their spatial re-organization the mesenchymal condensations induced a limited development of the overlying epidermis which formed dome-like elevations from the skin surface. This indicates also that the overlying epidermis remained in a state to react to the inductive stimulation at least for a certain period. However, the progressive alteration of the epidermis by the virus limited the extent of this induction with a resultant restricted development of the feather germ. The inoculated 7½-to 8¼-day cultures showed a certain degree of feather-germ differentiation, implying that the inductive influence of the epidermis at this stage did not stop immediately after viral infection but continued to influence the mesenchymal cells to form the mesodermal core. Nevertheless, the viral activity resulted in a disturbance of the organization of the epidermal sheath with subsequent modification in the growth and the form of the feather germ.
The modified behaviour of the epidermis in the apical zone of the feather germ of the inoculated 8½-to 9-day cultures suggests that some new but transitory factor evolved in this group of cells in the course of the differentiative process of the normal skin. This is shown by the fact that these epidermal cells behaved differently in the presence of the vaccinia virus and instead of the general hyperplastic reaction of the other epidermal cells there seemed to be an inhibition of epidermal growth activity.
The mesodermal axis of the feather germs of the inoculated IO-to I I-day cultures consisted of histologically normal cells. There was, however, an absence of the differen-tiation observed in the control explants. This observation suggests that virus action may have inhibited the activity of a factor emanating either from the dermis or from the epidermis, the presence of which is necessary for this differentiative process.
The presence of vaccinia virus thus influences the developing skin in vitro and new, probably 'inductive' factors occurring in the differentiation of the normal skin become evident. One may thus agree with Ebert & Wilt (I 96o) that :' Viruses are sensitive indicators of some aspects of the "state" of a potential host cell... (and) viruses may prove to be useful tools in exploring the development of cell and tissue specificity.' Rickenbacher 0964) in studies on vaccinial infection in human skin cultures from I½-to 3-month embryos noted that virus infection occurred only in cultures from u½-month or older embryos. Cultures from younger embryos showed an apparently normal histological appearance. The differentiation of the human embryo skin begins at about the third month of pregnancy and the modification in the reaction of the skin to the vaccinial infection may be related to the onset of this process. The behaviour pattern of the cellular components of the skin to vaccinia virus appears to be influenced by the inductive processes responsible for the differentiation of the normal skin. Thus the stage of development, or 'age', of the embryonic skin modifies the pathogenic effect of vaccinia. 
